We isolated and characterized a novel endophyte from hybrid poplar. This unique endophyte, identified as Enterobacter sp. strain PDN3, showed high tolerance to trichloroethylene (TCE). Without the addition of inducers, such as toluene or phenol, PDN3 rapidly reduced TCE levels in medium from 72.4 M to 30.1 M in 24 h with a concurrent release of 127 M chloride ion, and nearly 80% of TCE (55.3 M) was dechlorinated by PDN3 in 5 days with 166 M chloride ion production, suggesting TCE degradation.
T richloroethylene (TCE) is a common environmental contaminant (16) . High levels of TCE have the potential to cause liver damage and malfunctions in the central nervous system, and it is considered a likely human carcinogen (13) . More than 54% of Superfund sites in the United States are contaminated with TCE (19) , and hence, its removal has become a priority for many contaminated sites all over the industrialized world. With the discovery of a number of soil microorganisms that are capable of degrading organic pollutants, microbial bioremediation is increasingly being considered a reasonable and effective method for removing environmental contaminants (11, 17) .
Several classes of aerobic microorganisms use a process called cometabolic oxidation to degrade chlorinated solvents. Since there is no gain of energy from this process, field application of cometabolism for TCE degradation can be expensive. Another limitation is that substrates such as phenol or toluene are toxic, and introducing them into the soil can result in secondary contamination problems. Researchers have tried to engineer microbes to degrade TCE constitutively without addition of cosubstrates such as toluene and phenol (21, 23, 30) . However, engineered bacteria may have limitations to field applications. More recently, microbes such as Rhodococcus sp. strain L4 (31, 32) and Bacillus sp. strain 2479 (5) were found to degrade TCE in the absence of toxic substrates.
Many recent studies have shown that endophytes have a natural capacity for xenobiotic degradation (27) in addition to providing other benefits to the plants, such as nitrogen fixation, phosphate solubilization, and stress tolerance (26) . The addition of nonnative or genetically modified endophytes to assist the phytoremediation of contaminated soil and ground water has been explored (2, 6, (35) (36) (37) (38) . In this study, we report that a novel isolate, termed Enterobacter sp. strain PDN3, which was isolated from a poplar tree growing on a TCE-contaminated site, showed high tolerance to TCE and degraded TCE to chloride without the addition of any commercial inducing phenolic compounds. To our knowledge, this is the first report on a natural TCE-degrading bacterium isolated from a poplar tree.
Endophyte isolation. Dormant cuttings of several varieties of young poplars were collected from TCE-contaminated sites. Surface-sterile cuttings (7) were suspended in sterile distilled water and incubated at 30°C for 24 h with shaking. To enrich for potential TCE degraders, 1 milliliter of this sample was added into 25 ml of synthetic medium containing 5.5 mM TCE (5) . Cultures that grew well at this high level of TCE were screened for degradation activity by the Fujiwara test (20, 25) . One culture, strain PDN3, from hybrid poplar DN177 (Populus deltoides ϫ Populus nigra) demonstrated TCE degradation (data not shown).
Growth measurements. Cultures were grown in 20 ml of M9 minimal medium with 0.2% peptone instead of glucose and with 5.5 mM TCE in 125-ml flasks and shaken for 3 days at 200 rpm at 30°C. Growth was monitored every 24 h using a spectrophotometer. Burkholderia cepacia G4 (18) was included as a positive control, and Agrobacterium tumefaciens C58 (12) and Escherichia coli DH5␣ (10) were used as negative controls. As seen in Fig. 1A , PDN3 grew better than the other cultures in the presence of 5.5 mM TCE. Escherichia coli DH5␣ and Agrobacterium tumefaciens strain C58 did grow, but they were slightly inhibited in the presence of TCE (Fig. 1A) , and all of the cultures grew well in the absence of TCE, reaching saturation within 24 h in M9 minimal medium with 0.2% peptone instead of glucose (Fig. 1B) . Since PDN3 grew to a higher optical density in medium containing TCE than in the same medium without TCE, these results suggest that PDN3 used TCE as an additional carbon source.
TCE degradation and chloride production. PDN3 was grown overnight in M9 medium with 0.2% peptone, harvested, and washed three times with chloride-free medium and then adjusted to an optical density (OD) at 660 nm of 1.0 using a spectrophotometer. Trichloroethylene was then added at a concentration of 76.3 M to 20 ml of chloride-free medium in 125-ml Erlenmeyer flasks with Teflon Mininert valves, and the cultures were shaken at 150 rpm at 30°C for 5 days. At 24-h intervals, TCE was extracted into hexane and sodium chloride and analyzed by a gas chromatograph-electron capture detector (GC-ECD) (9) . To confirm PDN3 degradation activity, we monitored the chloride release in the medium that was coincident with TCE removal by ion chromatography (IC) (15) . As seen in Fig. 2 , PDN3 rapidly reduced TCE levels in the medium from 72.4 M to 30.1 M in 24 h with a concurrent release of 127 M chloride ion and nearly 80% of TCE (55.3 M) was dechlorinated by PDN3 in 5 days with 166 M chloride ion production. Neither chloride release nor TCE removal was observed in samples without PDN3. Also, intermediates of TCE degradation were not detected by a gas chromatograph-timeof-flight (GC-TOF) mass spectrometer. A naphthalene oxidation assay was performed to assay for monooxygenase activity (3, 4) . PDN3 produced 2.5-to 3-times-higher levels of naphthol compared to those of E. coli DH5␣ and Agrobacterium tumefaciens strain C58 (data not shown). Another interesting result was the short-term production of nitrite, which may be 
FIG 3
Phylogenetic relationships between the endophyte PDN3 and the related bacterial species. The neighbor-joining dendrogram was derived from 16S rRNA (A) and ␤ subunit of RNA polymerase-encoding gene (rpoB) (B) sequence distance matrixes (Jukes-Cantor). Bootstrap confidence levels (expressed as percentages of 1,000 replications) greater than 50% are indicated at the internodes.
an oxidation product of ammonia, by PDN3 in response to TCE addition, thereby indicating the presence of some unknown oxygenase that can be induced on addition of TCE.
Genetic analysis. Genomic DNA was prepared from PDN3, and PCR was performed using the 16S rRNA primers 8F and 1492R (7, 8) . The RNA polymerase ␤ subunit-encoding gene (rpoB) primers were CM 7 and CM31b (22) . DNA sequence comparisons with public sequence databases were performed. Phylogenetic analysis was done using CLUSTAL W software. Evolutionary distance matrixes were constructed using the algorithm of Jukes and Cantor (34) , and the evolutionary trees for the data sets were inferred from the neighbor-joining method (28) by using MEGA version 4.0.1 (33) . 16S rRNA (1,425/1,430 nucleotides) and rpoB (1,000/1,008 nucleotides) gene sequences were 99% identical with the sequence of Enterobacter asburiae (HQ242719) (Fig. 3) . In previous studies, E. asburiae strains have been reported as endophytes and rhizospheric microbes associated with sweet potato, cotton, bean, and cucumber (1, 24) . The facultative anaerobes Enterobacter sp. strain MS-1 and Pantoea agglomerans have so far been reported to reductively dechlorinate perchloroethylene (PCE), thereby converting it to dichloroethene (DCE). This occurs only under strictly anoxic conditions (14, 29) . Additionally, the attempts to amplify monooxygenase genes using conserved PCR primer sets were unsuccessful, suggesting that PDN3 uses a not-yet-discovered pathway for TCE degradation.
To summarize, we have shown that Enterobacter sp. PDN3, a novel endophyte isolated from poplar, is able to effectively dechlorinate TCE without the addition of inducers, such as toluene or phenol. Bioremediation of TCE-contaminated sites using this strain seems to be a promising, cost-effective remediation strategy. Another approach is to use this strain to inoculate trees, such as poplars and willows, and test for increased TCE removal and degradation. Experiments are under way in our lab to evaluate endophyte-assisted phytoremediation of TCE by PDN3.
Nucleotide sequence accession numbers. The sequences for the 16S rRNA gene and the rpoB gene were deposited in GenBank under accession numbers JN634853 and JN634854, respectively.
